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Abstract : The interaction of intense laser with an atom involves the absorption or emission of many photon resulting excitation or 
ionization. Perturbation theories are quite successful in explaining various multiphoton experiments. When laser intensities, I > 10*'* W/cm  ^
and infrared frequencies are employed, then free electrons are dressed by interaction. [Energies which exceed the photon energies. New non- 
perturbative multiphoton phenomenon then occur such as above threshold ionization (ATI) and higher harmonic generation (HHG). For higher 
intensities />  10 '^  W/cm  ^the electron field of laser radiation becomes greater than the coloumb-binding potential o f the outer shell electron of the 
atom, resulting ovcr-thc-barricr ionization. With recent progress in ullrafast-optics, the intensities of the laser has been continuously increasing 
and now the laser intensity up to /  s  10^“ W/cm  ^ is available. For such high intensities, stabilization of an atom against ionization is predicted 
icccnily and involves the formation of extended wave packet of the bound state which has little overlap with the nucleus and hence a low 
loni/ation rate.
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I. In tro d u c tio n
Recently th e r e  h a s  b e e n  a  r a p id  d e v e lo p m e n t  in v e ry  
high pow er la s e rs  w h ic h  h a s  m a d e  a v a i la b le  th e  e n t i r e  
langc of in tensities  fro m  less  th an  1 0 ^  W /cm ^ to  m o re  than  
W/cm% an  e x tra o rd in a ry  ra n g e  o f  so m e  22  o rd e rs  o f  
magnitude (o r m o re )  o f  c o n tro lle d  e le c tro m a g n e tic  rad ia tio n , 
under laboratory  c o n d itio n s  u s in g  ch irp ed  p u lse  am p lifica tio n  
method [1]. It p ro v id e s  a  u n iq u e  o p p o r tu n ity  fo r  s tu d y in g  
strongly pertu rbed  d y n am ics  o f  th e  s im p les t q u an tu m  system s.
At low  in t e n s i ty ,  th e  u n d e r s t a n d in g  o f  d y n a m ic a l  
behaviour o f  in te ra c tio n  o f  ra d ia tio n  w ith  m a tte r  has been  
»levcloped in th e  c o n te x t o f  th e  p e rtu rb a tio n  th eo ry . T h u s  fo r 
example n o t o n ly  lin e a r  b u t a lso  th e  n o n - lin e a r  m u ltip h o to n  
process c o u ld  b e  in v e s tig a te d  a n d  u n d e rs to o d  w ith in  th e  
framework o f  th e  o rd in a ry  p e rtu rb a tio n  th e o ry , a lb e it w ith  
genera liza tion  o f  th e  u su a l f irs t o rd e r  th e o ry  o f  th e  w-th 
•^rder n o n - v a n i s h in g  o r d e r  ( f o r  a n  p h o to n  p r o c e s s ) ,  
^u ltipho ton  p r o c e s s e s  (e .g . m u l t ip h o to n  e x c i ta t io n  an d  
•onization) re su lts  fro m  s im u lta n e o u s  a b so rp tio n  o f  sev e ra l 
photons. M u lt ip h o to n  t r a n s i t io n  w e re  f i r s t  p r e d ic te d  b y  
fjoppert-M ayer in 1931 f2 ] a n d  o b se rv e d  a t ra d io  freq u en c ies
b y  H u g h es a n d  G ra ln e r  in  1950 [3]. T h e  s tu d y  o f  m u ltip h o to n  
ab so rp tio n  a t o p tica l freq u en c ie s  o n ly  b ecam e  p o ss ib le  w h en  
in te n se  la se r  so u rc e s  w e re  d e v e lo p e d  d u r in g  e a r ly  1960 . 
F o llo w in g  th is , th e  tw o  p h o to n  ex c ita tio n  in C aF 2  w as firs t 
o b se rv e d  by  K a ise r an d  G a rre tt in 1961 [4J a n d  la te r tw o  
p h o to n  ex c ita tio n  o f  cesiu m  w as d em o n s tra ted  b y  A b e lla  [5].
2 . M u lt ip h o to n  e x c ita tio n
T h e se  d a y s  tw o -p h o to n  s p e c tro sc o p y , e sp e c ia lly  th ro u g h  
in ten n ed ia tc  re so n an ces, h as  b eco m e  a  s tan d ard  to o l in a to m ic  
and  m o le c u la r  p h o to p h y s ic s  [6 ]. A  re so n a n c e  en h a n c e m e n t 
o f  m an y  o rd e rs  o f  m a g n itu d e  h as b een  o b se rv e d  in a ll a lk a li 
a to m s w h en  th e  freq u en cy  o f  o n e  o f  th e  p h o to n s  co rre sp o n d s  
to  th e  en e rg y  o f  an in te rm ed ia te  sta te .
In sp e c tro sco p y , th e  s tu d y  o f  H -a to m  p la y s  a g re a t ro le , 
a s  e x a c t c a lc u la tio n s  c a n  b e  p e r fo n n e d  a n d  b e n c h  m a rk  
co m p ariso n  can  b e  m a d e  b e tw e e n  th e o ry  an d  e x p e rim e n t. So 
far, o n ly  tw o  p h o to n  tran s itio n  b e tw e e n  th e  g ro u n d  s ta te  to  2 s  
s ta te  h a s  b e e n  s tu d ie d  b o th  e x p e r im e n ta l l y  [ 6  7 ]  a n d  
th eo re tic a lly  [8 ]. F u r th e rw ith  th e  d e v e lo p m e n t o f  S y n ch ro to n  
ra d ia tio n  a n d  la se r  so u rc e s  a ro u n d  th e  w o rld , it h a s  n o w
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b e c o m e  p o s s ib le ,  in  p r in c ip le ,  to  m e a s u re  tw o -p h o to n  
a b s o rp tio n  c o e f f ic ie n ts  o f  h y d ro g e n  tr a n s it io n s  b e tw e e n  
d if fe re n t e x c ite d  s ta tes . F o r th is reaso n , th e  ev a lu a tio n  o f  tw o  
p h o to n  tran s itio n  p ro b a b ilitie s  a ccu ra te ly  has b eco m e  tim ely  
a n d  v e ry  im p o rtan t.
G e n e ra lly  p e rtu rb a tio n  m e th o d s  are  em p lo y ed  in o rd e r  to  
d e s c r ib e  m u l t ip h o to n  p ro c e s s e s .  W h en  A^-th o rd e r  tim e  
d e p e n d e n t p e rtu rb a tio n  th eo ry  is ap p lied , a  m a jo r d ifficu lty  
fo u n d  in su ch  ca lc u la tio n s  is th e  in fin ite  su m m atio n  o v e r  the  
c o m p le te  se t o f  u n p e r tu rb e d  a to m ic  s ta te s , d is c re te  p lu s  
c o n tin u u m , re la te d  to  the  tran sitio n  m a trix  o f  th e  p e rtu rb a tio n  
th eo ry . E a rlie r  sev e ra l m e th o d s  w ere  u sed  in o rd e r to  eva lua te  
th e se  sum s. B eb b  an d  G o ld  [9] d e fin ed  an  av e rag e  freq u en cy  
CO th e re b y  re p la c in g  th e  in fin ite  su m m atio n  by  an  av e rag e  
term  an d  u s in g  th e  c lo su re  p ro p e rty  o f  th e  w av efu n c tio n s  to  
re m o v e  the  in te rm ed ia te  sta te  tran s itio n s  from  th e  p rob lem . 
G o n tie r  an d  T rah in  [10] re la ted  th e  in fin ite  su m m atio n s  to  
th e  n u m e r ic a l so lu tio n s  o f  a se t o f  firs t o rd e r  d if fe re n tia l 
e q u a tio n s , l .a p la n c e  e t  a l  [W ]  u sed  th e  G re e n ’s fu n c tio n  
m e th o d  to  p e rfo rm  th e  su m m atio n s.
R ecen tly , w e h av e  ca lc u la ted  ab so rp tio n  c o e ff ic ien t fo r 
th e  tw o  p h o to n  p ro c e s s ,  w h ic h  in v o lv e s  e v a lu a t io n  o f  
su m m atio n  o v e r  in te rm ed ia te  s ta tes  [12]. W e h av e  rep laced  
th e  in te rm ed ia te  s ta tes  by  a  fin ite  se t o f  p seu d o s ta te s  w h ich  
a re  e x p a n d e d  in  te rm s  o f  a  b a s is  w h ic h  is d e sc re te  a n d  
co m p le te . U sin g  th ese  p se u d o s ta te s  w e  h av e  fo u n d  ex ce llen t 
co n v e rg e n c e  ev en  fo r a  sm all b as is  size. T he  m ain  ad v an ta g e  
o f  th e  m e th o d  is th a t it rep lace s  th e  in fin ite  su m m atio n  o v e r 
bo th  d isc re te  a n d  c o n tin u u m  sta te s  b y  a  fin ite  sum  o v e r the 
p s e u d o s ta te s .  T h e  e n e rg y  sp e c tru m  o f  th e  p s e u d o s ta te s  
c o n ta in s  b o th  n eg a tiv e  an d  p o s itiv e  v a lu e s  re p re sen tin g  bo th  
th e  b o u n d  s ta te s  a n d  th e  c o n tin u u m  sta tes  adeq u a te ly .
2.1. The p se u d o s ta te  m e th o d :
In  th e  p s c u d o s ta te  m e th o d  w e  d ia g o n a l iz e  th e  ta r g e t  
H a m il to n ia n  in  te rm s  o f  a  b a s is  w h ic h  a re  d is c re te  a n d  
co m p le te  an d  e x p an d  th e  ta rg e t w av e  fu n c tio n s  in te rm s o f  
the  these  b asis  functions. T he a to m ic  un p ertu rbed  H am ilton ian  
fo r th e  h y d ro g en  a tom  is (in  R y d b e rg  un its).
T h e  b asis  fu n c tio n s  tak en  a re  o f  th e  s im p le  fonn  [13]
<Pj -  < p\ ;  =  1 , 2 , . . .  N  ( 1 )
w h e re  a  =  b a s is  p a ra m e te r
/  o rb ita l a n g u la r  m o m en tu m  
N  =  s iz e  o f  b a s is
T h e  ta rg e t w a v e  fu n c tio n s  a re  ex p a n d e d  in  te rm s  o f  th e  lin ea r
combinations of the basis functions as
an d  w e  h a v e
w h ere  Ho is u n p e rtu rb e d  H a m ilto n ia n  o f  th e  atom.
O n d iag o n a lis in g  th e  ta rg e t H am ilto n ian  in  basis o f  size A 
o n e  o b ta in s  N  en e rg y  e ig en  v a lu e s  sp a n n in g  b o f t  positive and 
n e g a t iv e  e n e r g ie s .  T h e  lo w e s t  ly in g  n e g a t iv e  energy 
e ig e n fu n c tio n s  a re  e x c e l le n t a p p ro x im a tio n s  to  the exact 
b o u n d  s ta te  w av e  fu n c tio n s  w h ile  re s t o f  th em  represent in 
so m e  w a y  a il o th e r  b o u n d  s ta tes . T h e  p seu d o s ta te  energies 
w h ic h  h a v e  p o s i t i v e  v a lu e s  r e p r e s e n t  a d e q u a te ly  the 
c o n tin u u m  sta te s  o f  th e  a tom .
O n ce  w e k n o w  th e  e ig en v a lu e s  a n d  e ig en v ec to rs  one can 
so lv e  th e  in teg ra ls  in v o lv e d  fo r  ev a lu a tio n  o f  th e  transition 
am p litu d es . S in ce  th e  n u m b e r  o f  b a s is  fu n c tio n s  required for 
p ro p e r  c o n v e rg en ce  is sm all th e  P se u d o  S ta te  M ethod is a 
s im p le  a n d  p o w e rfu l te c h n iq u e  to  b e  u sed  in  calculations 
w h e re  o n e  h a s  to  ta k e  th e  i n f in i t e  n u m b e r  o f  target 
w av e fu n c tio n s  in to  acco u n t.
T h e  tw o  p h o to n  tra n s itio n  p ro b a b ili ty  am p litu d e  D from 
an  in itia l s ta te  | />  to  a  fin a l s ta te  [f>  in th e  leng th  gange is 
g iv en  by
•e 2 / ( v ( « ) - v ( i ) - V 2 )] (4)
\n )  = 'E „ = = = '^ C U ,n ) ip j lr  
> 1
(2)
w h ere  C| an d  Cz a re  th e  p o la r isa tio n s  o f  th e  in c id en t photons 
a n d  th e  o p e r a to r  in t e r c h a n g e s  th e  f r e q u e n c y  and 
po la risa tion  o f  the  tw o  p h o to n s  and  v (n ) are th e  demensionless 
freq u en c ies  o f  th e  in te rm ed ia te  s ta te s  g iv e n  b y
v ( i )  = E j 2 n h R  (5)
here  R  is R y d b erg  freq u en cy  an d  is eq u a l to  3 .2 9  x 10”  per 
seco n d .
In  o rd e r  to  see  th e  acc u ra c y  in v o lv e d  in  o u r  calculations 
w e h av e  c o m p ared  o u r  re su lts  fo r  th e  I s  -  3 s  transition  in 
h y d ro g e n  w ith  th o s e  o b ta in e d  b y  B a ssa n i e t  a l  [8 ]. The 
re s u l ts  a re  o b ta in e d  b y  tw o  e n t i r e ly  d i f f e r e n t  m ethods. 
B assan i e t a l  h a v e  u sed  th e  s ta n d a rd  ra d ia l e ig en  functions 
o f  h y d ro g en  fo r  bo th  b o u n d  s ta te s  a n d  th e  co n tin u u m  while 
w e  h a v e  a p p r o x im a te d  a ll  th e  e ig e n  f u n c t io n s  o f  the 
u n p e rtu rb ed  h y d ro g e n  in  te rm s  o f  th e  lin e a r  com binations 
o f  th e  fu n c tio n s  o f  a  d isc re te  b a s is  o f  sm a ll s ize . A s can be 
seen  from  th e  T ab le  1 o u r  re su lts  in  K u n d ilia , P rasad  and 
M o h a n  (1 2 J  a re  in  e x c e l le n t  a g r e e m e n t  w i th  th o s e  of 
B assan i e t  a l. A s  v e ry  few  b a s is  fu n c tio n s  a rc  needed  for 
th e  p r o p e r  c o n v e r g e n c e  o f  th e  r e s u l t s  o n e  c a n  easily  
c a l c u l a t e  th e  t r a n s i t i o n  a m p l i t u d e s  w i t h o u t  m uch 
c o m p u ta tio n a l e ffo rt.
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Tabic 1. Three-photon ionization cross section (emVW )^ of//(I^) as compared with the results of others. Figures in the bracketts indicate 
power of ten.
A (A) LDFJR" GS* Present LDFJR" GS* Present
Linear polarisation Circular polarisation
1900 1 .1 8 6 H 6 ) 1.172(-46) l.l5 0 (-4 6 ) 2^f479(-46) 2.549(-46) 2 680(-46)
2000 5.581 (-48) 5.429(-48) 5.426(-48) li} 6 5 M 7 ) 1.326(~47) 1.327(-47)
2100 2.542(-47) 2.541 (-47) 2 .540M 7) 5 i7 7 IM 7 ) 5.776(-47) 5 771 (-47)
2200 1.593(-47) l.589(-47) l.583(-47) 3»57(--47) 3.945(-47) 3 .931(-47)
2300 2.650(-47) 2 .641 (-47) 2 614(--47) 3 |5 3 (-4 7 ) 3.840(-47) 3 818( 47)
2400 7.125(-46) 7.057(-46) 6 .8 5 4 H 6 ) 3 |9 3 5 M 7 )
3.W 8(-47)
3 917(-47) 3 882( 47)
2500 2.980(-46) 2.948(-46) 2.942(-46) 3.972(-47) 3.935(-47)
2600 1.008(-46) 1.002(-46) 0.993(-46) 3;947(-47) 3.906(-47) 3.881 (-47)
*1.aplanche e ta l ( \976); *Gao and Starace (1988).
On ca lcu la tin g  th e  tra n s it io n  a m p litu d e  o n e  can  ea s ily  
calculate th e  t r a n s i t i o n  r a t e  ( T R )  a n d  th e  a b s o r p t io n  
coefficient. T he a b so rp tio n  c o e ff ic ie n t is  g iv en  b y
a ( a ) , )  =  > W ty V o /{ o .5 f ,fo |£ , |2 c /V r7 }
In the above e x p re s s io n  A'o is th e  d e n s ity  o f  a to m s in th e  
sample; c, is th e  d ie lec tr ic  fu n c tio n  o f  th e  m ed iu m  fo r rad ia tion  
of frequency ofi; IV  is  th e  tw o  p h o to n  tra n s itio n  p ro b a b ility  
per unit per a to m , g iv e n  b y
W = \E xE 2 ^  e * a ^ \ d ^  «y (A v )/{3 6 /?^ (2 flA )}
where E„ a n d  £ 2  a rc  th e  e le c t r i c  f ie ld s  o f  th e  in c id e n t  
electromagnetic w a v e ; a© is th e  B o h r rad iu s ; /? =  3 .2 9  x 10'^ 
s ' is the R u d b erg  f re q u e n c y  a n d  A v(J) -  v ( j)  -  v] -  v 2  
gives th e  e n e r g y  c o n s e r v a t io n .  |£ > P  is  d e f in e d  a s  th e  
dimensionless tw o -p h o to n  a b so rp tio n  c o e ff ic ie n ts  (D T A C ).
3. Multiphoton ionization
Multiphoton io n iza tio n  (M P I) in  w h ich  e lec tro n  is  e jec ted  a fte r 
absorption o f  m a n y  p h o to n s  w a s  f i r s t  o b s e r v e d  in  th e  
experiments o f  H a ll, R o b in so n  a n d  B ran sco m b , in w h ich  ru b y  
laser was u sed  to  in d u c e  tw o  p h o to n  d e ta c h m e n t fro m  n e g tiv e  
balgon ions [1 4 ]. L a te r  M P I fro m  ra re  g a s  a to m  w a s  o b se rv e d  
by Voronov a n d  D e lo n e  [ IS ]  a n d  A g o s tin i e t  a l  [16 ].
The m u ltip h o to n  io n iz a tio n  o f  a n  a to m  re f le c ts  b o d i th e  
characteristics o f  d ie  la s e r  p u ls e  a n d  th e  p ro p e r tie s  o f  a to m  
perturbed b y  th e  in te n se  la s e r  f ie ld . M u ltip h o to n  io n iz a tio n  
bius constitu tes a  v e ry  fa v o u ra b le  m e th o d  fo r  s tu d y in g  th e  
'eaponse o f  a n  a to m  in  th e  p re s e n c e  o f  a n  in te n se  la s e r  f ie ld . 
I^ e n tly  w e in v e s tig a te d  [1 7 ] th e  m u ltip h o to n  io n iza tio n  fo r 
Pontic h y d ro g e n  in  d ie  g ro u n d  a n d  e x c i te d  s a te s  u s in g  
powerful p se u d o -s ta te  su m m a tio n  te c h n iq u e .
in T able  1 w e  h a v e  c o m p a re d  o u r  re su lts  w ith  d ie  re su lts  
obtained d y  L iq ilan ch e  e t  a l  [1 5 ] b y  G a o  a n d  S ta tace  [16 ]
using  varia tional techn ique. A s can  b e  seen  o u r  resu lts  o b ta ined  
by  p seu d o -sta te  m e th o d  is q u ite  ag reem en t w ith  o th e rs  resu lts . 
In F ig u re  I w e  h av e  sh o w n  th e  v a ria tio n  o f  th re e -p h o to n  
io n iza tio n  ra te  fro m  th e  g ro u n d  as a  fu n c tio n  o f  w av e  leng th  
o f  in c id en t p h o to n s . R esu lts  sh o w s th e  e n h a n c e m e n t o f  c ro ss  
sec tio n s n ea r th e  in te rm ed ia te  re so n an ces , w h e re  th e  d e tu n in g  
o f  la se r freq u en cy  w ith  re sp ec t to  re a l b o u n d  s ta te  b eco m e s  
q u ite  sm all.
Three photon ionization ndes from the hydro£;enic ground state 
Series! Linear polarisation. Senes 2 Ciicular polarisation
Figure 1. Variation of three-photon ionization rates from the hydrogenic 
ground state as a function of wavelength of incident photons. Here we have 
considered both linearly and circularly polarised light.
A s Stated earlier, due to the availability o f  laser sources o f  
v e ry  h ig h  in ten s itie s  th e se  d ay s , th e re  is a  su b s tan tia l sh if t in 
re sea rch  ac tiv itie s  in  m u ltip h o to n  p ro c e sse s . O th e r  ex c itin g  
m a in  e m e rg in g  a re a s  a re  a b o v e  th re s h o ld  io n iz a tio n , th e  
p ro d u c tio n  h ig h  o rd e r  h a rm o n ic  g e n e ra tio n  a n d  s ta b iliz a tio n  
in  h ig h  in ten se  la se r  f ie ld  e tc .
4. Above Threshold Ionization (A.T.I.)
F o r  a  lo n g  tim e , thm-e w a s  a  c o m m o n ly  h e ld  p ic tu re  th a t  in  N  
p h o to n  io n iza tio n  o f  a n  a to m , th a t d ie  e le c tro n  w o u ld  m o v e  
a w a y  fro m  th e  io n  w ifti a  k in e tic  e n e rg y  f i h w - E i ,  w h e re  E i  is
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th e  a to m ic  io n iza tio n  e n e rg y , h w  th e  ph o to n  en e rg y  and  N  is 
th e  m in im u m  n u m b e r  o f  p h o to n s  re q u ire d  to  re a c h  th e  
i o n i z a t i o n  th r e s h o l d .  T h is  is  a s im p le  m u l t i p h o to n  
ex trap o la tio n  o f  th e  E instien  p ic tu re  o f  the  pho toelec tric  effect. 
A s a  re su lt, th e  e le c tro n  en e rg y  d is trib u tio n  is ex p ec ted  to  
d isp la y  a  s in g le  e le c tro n  p eak  cen tred  a t an en e rg y  N h w -E i.  
T h is  p ic tu re  p re v a ils  a t w eak  laser in tensity .
H o w e v e r, an  e x p e rim e n t o n  6 -p h o to n  ion iza tio n  o f  x en o n  
a to m s p e rfo rm e d  a t 10'^ W  c m ^  w as sh o w n  th a t, ad d itio n  to  
th e  e x p e c te d  e le c tro n  p eak , a  seco n d  o n e  sep a ra tio n  from  th e  
f irs t b y  a  p h o to n  en e rg y  w as o b se rv ed  [18]. T h e  p re sen ce  o f  
th is  s e c o n d  p e a k  m e a n s  th a t th e  e lec tro n  h as  ab so rb ed  m o re  
e n e rg y  th an  c o n s is ta n t w ith  th e  m in im u m  n u m b ers  o f  N  o f  
p h o to n s . T h is  e ffe c t w h ich  w as n am ed  as ab o v e  th re sh o ld  
io n iz a tio n  (A .T .I .) , b ecam e  new  an d  im p o rtan t su b -fie ld  o f  
m u ltip h o to n  io n iz a tio n  o f  a tom s. A .T .l. h as been  o b se rv ed  in 
d if fe ren t a to m s a n d  m o lecu les , and  laser in th e  in frared , v is ib le  
a n d  u ltra v io le t . T h e  e lec tro n  en e rg y  sp ec tru m  co n s is ts  o f  a  
s e r ie s  o f  p e a k s  e v e n ly  s p a c e d  b y  th e  p h o to n  e n e rg y . I t 
c o rre sp o n d s  to  th e  ab so rp tio n  o f  yv +  S  p h o to n s  w ith  la rg e  s  
n u m b e rs . T h e  io n iza tio n  co n tin u u m , w h ich  w as d ev o id  o f  any  
s tru c tu re  in  a  w e a k  la se r fie ld  th u s  acq u ires  a s tru c tu re  o f  
s t a te s  in d u c e d  b y  th e  in te n s e  la s e r  f i e ld ,  th is  s tu c tu re  
c o rre sp o n d in g  to  e le c tro n  peak  ap p e rs  a t h a rm o n ic s  o f  th e  
la s e r  f re q u e n c y  [18 ].
5. H ig h e r - o r d e r  h a r m o n ic  g e n e ra t io n  in  a to m s
A  la se r rad ia tio n  w h ich  in terac ts w ith  an a tom  induces a  d ipo le  
m o m e n t in  th e  a to m  w h ich  in  tu rn  ac ts  as a  so u rce  o f  rad ia tion . 
A t h ig h e r  in ten s itie s  / >  10 ”  W atts/sq  cm  th e  a to m ic  re sp o n se  
b e c o m e s  n o n lin e a r  a n d  as a  re su lt n ew  freq u en c ies  a p p e a r  at 
m u ltip le s  o f  th e  d r iv in g  freq u en c ie s . It w as  p o in ted  o u t by  
S h o re  a n d  K n ig h t th a t  h ig h -o rd e r  o d d -h a rm o n ic s  g en era tio n  
c o u ld  ta k e  p la c e  b y  th e  e m iss io n  o f  h ig h  en e rg y  co n tin u u m  
s ta te  an d  a  lo w  ly in g  b o u n d  sta te  [19 ]. S u b seq u en tly  very  
h ig h  o rd e r  o d d -h a rm o n ic s  g e n e ra tio n  h ad  been  rep o rted  in  
ra re  g a se s  u s in g  a  1064  n m  Y ag  laser a t an in ten s ity  o f  10” -  
10'^ W /sq  c m  (P e r ry  e l a l  [20 ]). T h e y  p ro d u ced  sp ec tra  th a t 
e x h ib i te d  w h a t  h a v e  n o w  b e e n  re c o g n iz e d  a s  a  ty p ic a l  
c h a r a c t e r i s t i c s  f o r  h a r m o n ic  s p e c t r a .  M a in  o b s e r v a b le  
c h a ra c te r is tic s  in th is  a re a  ra p id  d ec re a se  in  th e  h a rm o n ic  
in ten s ity  f ro m  th i rd  to  se v e n th  o rd e r; a  p la teau  reg io n  th a t 
e x te n d s  o u t to  2 7 - th  o rd e r , w ith  h a rm o n ic s  h a v in g  s im ila r 
in ten s itie s ; a n d  a  ra p id  d ro p  in  h a rm o n ic  s tren g th  b ey tm d  th e  
2 7 -th  o rd e r . T h e se  fe a tu re s  h a v e  a lso  been  o b se rv ed  in th e  
sp e c tra  o f  m a n y  o th e r  a to m s  [2 1 ]. M o s t o f  th e  ca lc u la tio n s , 
e v e n  w i th  c r u d e  m o d e l s ,  a re  a b le  to  r e p r o d u c e  o n ly  
q u a li ta t iv e ly  d te  e x p e rim e n ta l re su lts  [2 1 ] w id i th e  dec rease  
in  e ff ic ie n c y  fa r  d ie  f irs t h arm m iics , th e  p la teau  an d  th e  cu toff. 
T h is  m a y  b e  d u e  to  v e ry  g e n e ra l p ro p e r ty  o f  a  s tro n g ly  d riv en  
n o n - lin e a r  sy s te m . O n e  o f  d ie  in te re s tin g  q u es tio n s  re g a rd in g
th e  h a rm o n ic  g en e ra tio n  sp ec tra  c o n ce rn s  th e  nature and exac 
lo ca tio n  o f  th e  cu to ff. T h e  c u t to f f  lo ca tio n  sets the ultimatl 
l im it  fo r  th e  h ig h e s t  f r e q u e n c y  th a t  c a n  b e  efficiently 
genera ted . O bv iously , th is  q uestion  is  o f  g rea t importance from 
th e  p o in t o f  v ie w  o f  p o ss ib le  ap p lic a tio n s  fo r  th e  production 
o f  V U V  in ten se  rad ia tio n  so u rces . N u m e ric a l calculations oi 
K rau se  e l a l  [22] a re  sh o w n  th a t th e  m a x im u m  energy at tht 
en d  o f  th e  p la teau  is w e ll ap p ro x im a te d  b y  th e  simple anc 
u n iv e rsa l fo rm u la  Ip + 7>Ep, w h e re  Ip is a to m ic  ionizatioi 
p o ten tia l an d  Ep is th e  p o n d e im o tiv e  e n e rg y  in the  laser fiek 
o f  s tren g th  E  an d  freq u en cy  w . T h e  c u t to f f  in  the harmonii 
sp ec tru m  o c c u rs  fo r h a rm o n ic s  o f  o rd e r  h ig h e r  than
A^n.« =  (//. +  3£pV w.
T h e  o v era ll m ax im a l p h o to n  en e rg y  (in  u n its  o f  W ) that cat 
b e  ach ie v ed  is th en  ap p ro x im a te ly  g iv en  b y  th e  value o f ihi 
e x p re ss io n  a t th e  sa tu ra tio n  in ten s ity  Is a t a t  w h ich  the aton 
ion izes. H o w ev e r, th e  a b o v e  eq u a tio n  c a n  fu rth e r be modifiei 
w h en  co lle c tiv e  e ffec ts  (p h a se  m a tc h in g )  b eco m e  relevant 
T h e  c la ss ica l s im u la tio n  [23] sh o w  th a t th e  m ax im um  kinett 
en e rg y  acq u ired  b y  free  e le c tro n s  fro m  th e  fie ld  when the; 
re tu rn  to  th e  n u c leu s  3 .2  Ep w h ich  is c lo se  to  th e  predictiono 
[24]. l l ie  c lassica l in te rp re ta tion  show s th a t in  o rd e r to contro 
h a rm o n ic  g en e ra tio n  p ro ce sse s , o n e  sh o u ld  try  to  control th' 
m o t io n  o f  f r e e  e l e c t r o n s  in  th e  l a s e r  f i e ld .  Shapin] 
a p p ro x im a te ly  e lec tro n  tra je c to rie s  m ig h t a llo w  for variou 
f a s c in a t in g  a p p l i c a t i o n s ,  i n c lu d in g ,  f o r  e x a m p le , th 
g en e ra tio n  o f  su b -p ic o  s e c o n d  h ig h  g e n e ra tio n  pulses.
6 . S u p p re s s io n  o f  io n iz a tio n
R e c e n tly , a t te n t io n  h a s  b e e n  f o c u s s e d  o n  th e  issue o 
s tab iliza tio n  an d  su p p re ss io n  o f  io n iza tio n  in  an  intense lase 
fie ld  [2 5 -2 8 ] . U sin g  th is  p ro c e s s  o n e  w ill b e  ab le  to  expos 
n e u t r a l  a to m s  to  h ig h  in t e n s i ty  l a s e r  f i e ld s .  V ariou 
m e c h a n ism s  h a v e  b een  s u g g e s te d  th a t  c o u ld  b rin g  abou 
io n iza tio n  su p p ress io n . W c can  b ro a d ly  d iv id e  th e se  into twi 
ty p e s .  T h e  f i r s t  ty p e  w e  te r m  a s  q u a n tu m  in terferenc' 
suppression , b ecau se  th e  m ech a n ism s o f  th is  ty p e  a re  genetall; 
in te rp re ted  in  te rm s  o f  d e s tru c tiv e  in te rfe re n c e  betw een ih 
io n iza tio n  fro m  c lo s e ly  s p a c e d  b o u n d  s ta te s  [26 ,27]. lb  
seco n d  g e n e ra l ty p e  is a  su b je c t o f  tro p ic a l in te res t a t presen 
and  can  b e  lab e lled  as su p e r  in ten se  io n iz a tio n  suppression 
S u ch  su p p ress io n  ty p ic a lly  o c c u rs  in  f ie ld s  o f  / >  10“  W/s(i 
cm  o r  g re a te r  a n d  h a s  to  d o  w ith  th e  p ro d u c tio n  o f  electron) 
w av e  p a c k e ts  w h ic h  o sc illa te  in  th e  la s e r  f ie ld  w ith  latg 
am p litu d es  fa r  fro m  th e  n u c le u s  w ith  d im in ish e d  ability n 
ab so rb  p h o to n s  [25 ,26]. In  conclu sitm , su p e r  in tense  ionizatioi 
su p p re ss io n  is  a  p h e n tm ie n o n  o f  g re a t in te re s t a s  it will b 
te s tin g  g ro u n d  fo r  v a rio u s  n o n -p e r tu rb a tiv e  frieories whid 
a re  d e v e lo p in g . F u r th e r  th is  p ro c e s s  h a s  s t im u la te d  mon 
in te res t as it  is c o m p le te ly  o p p o s ite  to  o u r  b a s ic  concepts tbs 
s tro n g  la se r  f ie ld s  p ro d u c e ta p id  ev o lu tio n .
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Conclusion
e^re in ihis w o rk  w e  h a v e  c o v e re d  th e  w h o le  ra n g e  o f  
developments in m u lti-p h o to n  p h y s ic s  w h ich  a d v an cem en t 
laser techno logy  in  re c e n t y ea rs .
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